**Core tip:** An essential and consistent histologic feature of progressive autosomal dominant polycystic kidney disease (ADPKD) is interstitial inflammation and fibrosis. This study investigated miRNA expression in local peri-cystic areas between cysts that become fibrotic as the disease progresses. This study identifies a critical limitation to whole organ transcriptomic approaches and demonstrates that laser capture microdissection (LCM) provides a means to overcome the dilutional factor of whole organ miRNA analysis. The precision of LCM provides a unique miRNA signature, which identifies novel molecular and therapeutic targets that initiate and drive interstitial fibrosis in ADPKD.

INTRODUCTION
============

Autosomal dominant polycystic kidney disease (ADPKD) is characterized by bilateral fluid-filled tubular cysts and progressive renal interstitial fibrosis (RIF). Renal function remains relatively normal until RIF reaches a tipping point, initiating a rapid decline of function leading to end-stage renal disease (ESRD).

miRNAs play key roles in diverse biological processes including cell division and death, intracellular signaling, cellular metabolism, immunity, and RIF. miRNAs are known to be involved in a variety of common human disorders including RIF\[[@B1],[@B2]\].

ADPKD is a common life-threatening renal disease that affects an estimated 12 million patients worldwide\[[@B3]\]. ADPKD is a heterogenetic disease with mutations in *PKD1* (MIM173910) (16p13.3) and *PKD2* (MIM173900) (4q22.1), which are responsible for approximately 80% and 15% cases respectively, with the remaining cases due to mutations at other rare loci\[[@B4]\].

Although ADPKD is a systemic disorder, it is characterized by the progressive development and growth of bilateral fluid-filled tubular cysts\[[@B5],[@B6]\]. Renal cyst formation and expansion is followed by the development of RIF that ultimately leads to ESRD. Half of all ADPKD patients develop ESRD and require renal replacement therapy by their fifth decade\[[@B5],[@B7]\].

Therapies currently in clinical trials focus on increased total kidney volume (TKV) as an indicator of disease severity, with decreased TKV reflecting the success of treatment\[[@B8]-[@B10]\]. However, an essential feature of the disease is interstitial inflammation and fibrosis\[[@B11]-[@B13]\]. Such interstitial changes lead to decreased TKV and strongly correlate with a decline in kidney function.

Renal fibrosis is the key determinant of the progression of all renal disease including ADPKD, irrespective of the original cause, and dictates the eventual outcome\[[@B11],[@B13],[@B14]\]. As cystic lesions enlarge, they compress both normal renal parenchyma and vascular elements between multiple cysts, creating a peri-cystic local microenvironment (PLM) that becomes fibrotic over time. The decline of renal function and the development of ESRD correlate with the progression of fibrosis in ADPKD\[[@B13],[@B15],[@B16]\]. Despite this link of ESRD to fibrosis, there is virtually no therapy specifically targeting fibrosis in ADPKD. This unmet clinical need calls for additional studies and a better understanding of the underlying mechanistic changes that lead to renal fibrosis.

Recent published studies have identified an essential role for miRNAs in the pathogenesis of both cyst formation and fibrosis in polycystic kidney disease\[[@B17]-[@B21]\]. miRNAs are short noncoding RNAs that regulate gene expression by reducing the translation of messenger RNAs\[[@B22]-[@B24]\]. miRNAs function in a diverse range of biological processes and demonstrate spatial and temporal expression patterns\[[@B25]\]. MicroRNAs have been associated with many basic cellular processes as well as with a wide spectrum of diseases\[[@B1],[@B24],[@B25]\]. In the kidneys, miRNAs have been associated with renal development, homeostasis, and physiological functions\[[@B24],[@B25]\]. Aberrant miRNA expression has been observed in mouse models of kidney fibrosis\[[@B18],[@B20],[@B26]\]. Notably, all previously published analysis has been performed in either whole kidney or cell culture models.

As cysts develop and enlarge, a local interstitial microenvironment is created between enlarging tubular cysts. This PLM is a complex milieu that integrates reciprocal signals from resident interstitial cells, infiltrating immune cells and proliferating cystic epithelial cells from enlarging tubular cysts. A complex interplay of many factors, including those driven by miRNA expression, occurs within the PLM. miRNAs play a role in determining the balance between pro-fibrotic and anti-fibrotic factors and how the dynamics of this balance drive the development of fibrosis\[[@B18],[@B26]\]. In this study, we delineate changes in miRNA expression localized to the PLM in an orthologous mouse model of ADPKD (*mcwPkd1^(nl/nl)^*). This model reliably demonstrates two phases of PKD: (1) the development and progressive enlargement of renal cysts, and (2) the development and progression of RIF, leading to loss of renal function. This model has a stable genetic background and permits both the investigation of pathogenic mechanisms and testing of potential therapeutic interventions. In the current study, we identify a unique PLM miRNA signature that drives fibrosis in this model.

MATERIALS AND METHODS
=====================

ADPKD mouse model (mcwPkd1^(nl/nl)^)
------------------------------------

The *mcwPkd1^(nl/nl)^* mice were generated as previously described\[[@B27]\]. Briefly, insertion of a neo-cassette into the Pkd1 allele (Pkd1nl) resulted in a cryptic splice site that allowed approximately 20% expression of a normal Pkd1 allele in homozygous *Pkd1^(nl/nl)^* mice\[[@B27]\]. In contrast to homozygous Pkd1 knockout mice, which are embryonically lethal, homozygous *mcwPkd1^(nl/nl)^* mice are viable, with bilaterally-enlarged polycystic kidneys by postnatal (PN) day 21, followed by the development and progression of RIF and ESRD between PN120 and PN150.

In the *mcwPkd1^(nl/nl)^* mouse, renal cystic lesions begin in utero, and TKV peaks by PN35. The initial appearance of light, wispy trichrome staining occurs in PLM at PN28.

All animal experiments were conducted in accordance with policies of the NIH Guide for the Care and Use of Laboratory Animals and the Institutional Animal Care and Use Committee (IACUC) of the Medical College of Wisconsin. The protocols used in this study were conducted under AUA 4379, which was approved by the Medical College of Wisconsin IACUC committee. The Animal Welfare Assurance for the Medical College of Wisconsin is A3102-01.

Sample preparation
------------------

Characterization of *mcwPkd1^(nl/nl)^* identified the time points of interest for this study. Triplicate samples from each of three time points were collected for analysis. These time points include: PN21, before evidence of collagen deposition with trichrome (controls); PN28, where trichrome-positive PLM was first evident; and PN42, when fibrosis was widespread. One kidney was placed directly in 10% formalin and paraffin-embedded (FFPE), and the contralateral kidney was flash frozen for RNA isolation.

Laser capture microdissection (LCM)
-----------------------------------

Serial 10 μm sections, at three different depths of the FFPE tissue, were floated onto PEN^®^ membrane slides (Zeiss-415190-9081-000). A section from each of the three groups was stained lightly with McLethie's Trichrome stain for fibrosis. This stained section was used to guide LCM of its serial companion section. LCM of PN21 was accomplished by taking areas between multiple cysts due to the absence of trichrome-positive areas. The PN21 pre-fibrotic cystic kidney was used as the appropriate control, because aged-matched wildtype kidney is devoid of adequate interstitial areas for comparitive analysis (Figure [1](#F1){ref-type="fig"}).

![Laser capture microdissection of the peri-cystic local microenvironment. A: Trichrome-stained section of a dominant polycystic kidney diseased (ADPKD) kidney with representative laser capture microdissection (LCM) areas marked by red rectangles; B: Trichrome-stained section of an ADPKD kidney before and after LCM.](WJN-7-108-g001){#F1}

RNA extraction
--------------

After harvesting 300000 um² of PLM, total (miRNA and mRNA) RNA was extracted with Qiagen's miRNeasy FFPE kit (Qiagen \#217504) according to the manufacturer's instructions. The isolated total RNA was converted to cDNA using the miScript II RT Kit (Qiagen \#218161), according to the manufacturer's instructions, and was subsequently amplified using the miScript PreAMP PCR kit (Qiagen \#331452). The amplified cDNA was used for reverse transcription PCR using the miRNome miScript miRNA PCR Array (Qiagen \#331222) to assess changes in miRNA expression over time. miRNA profiling of contralateral whole kidney samples was similarly performed as described above.

Quality control
---------------

The quality of the samples was assessed by determining the 260/280 ratios and RNA integrity numbers (RIN) using the Agilent 2100 bioanalyzer and RNA 6000 Pico kits, respectively. RNA samples with a 260/280 ratio \> 1.6 yielded an RIN between 7 and 9. RINs \> 7 passed the internal RNA quality control test of the Qiagen miRNA plates. Samples with a 260/280 ratio \> 1.6 were analyzed immediately and had to pass the internal controls of the plates to be included in our analysis. The RIN of the samples was periodically obtained. In all cases where the 260/280 ratio exceeded 1.6, RIN values exceeding 7.0 were obtained and passed the internal controls of the Qiagen plates.

Trichrome staining
------------------

Slides were deparaffinized in xylene, then rehydrated in 95% ETOH. Slides were then stained with McLethie's Trichrome (Newcomer Supply \#9177), according to the manufacturer's instructions.

Statistical analysis
--------------------

A total of three animals were included at each time point (PN21, PN28 and PN42) for both the LCM and whole kidney groups. Data were normalized for miRNA expression to stably-expressed housekeeping genes (*SNORD68* and *SNORD96A*) at each time point. Whole kidney miRNAs from contralateral kidneys were similarly examined at PN21, PN28 and PN42.

Average CT values and the standard deviations for the miRNAs expressed were examined. A sample size of *n* = 3, sufficient for appropriate statistical analysis, was selected. Data was analyzed using the Qiagen^®^ online portal and GraphPad^®^ Instat 3. Data are expressed as a change in expression for a particular miRNA (fold-regulation) at PN28 and PN42 compared to PN21 for both the PLM region and whole kidney. Only changes +/- 2-fold are included in the analysis. *P* ≤ 0.05 was considered significant.

TargetScan and miRDB websites were used to determine targets for the miRNAs.

RESULTS
=======

More than 900 miRNAs were examined in the laser captured PLM at the three different time points (PN21, PN28, PN42). miRNA expression in PLM at two different time points (PN28 and PN42) was compared with PN21 in order to: (1) provide a relative change in the expression of miRNAs during the onset of fibrosis; and (2) reflect local micro-environmental changes with disease progression.

Whole kidney miRNA changes compared with PLM miRNA changes
----------------------------------------------------------

Whole kidney miRNA expression was compared to the miRNA expression profiles obtained from laser captured PLM samples at PN28 and PN42, with PN21 as a control (Figure [2](#F2){ref-type="fig"}). The heat maps show major differences in the expression levels of key miRNAs between the whole kidney and PLM areas (Figure [2](#F2){ref-type="fig"}).

![Heat map comparing miRNA expression. Heat map showing comparative expression of a set of miRNAs at three different post-natal (PN) time points (PN21, PN28 and PN42) for peri-cystic local microenvironmental regions and whole kidney samples (green represents downregulated miRNA expression, whereas red represents upregulated miRNA expression).](WJN-7-108-g002){#F2}

PLM miRNA changes with onset of fibrosis at PN28
------------------------------------------------

The mechanism(s) by which miRNAs represses translation allows us to make certain predictions. An increase in miRNA expression would likely lead to a reduction in the level of the target protein, and a decrease in miRNA expression would yield an increase in the target protein.

In Figure [3A](#F3){ref-type="fig"}, there are three miRNAs that show temporal increase in expression at PN28 and PN42. miR-667-3p, miR-3074-5p and miR-7b-3p are upregulated 2 to 2.75-fold at PN28, and are further upregulated to 2.5 to 4-fold and reach statistical significance at PN42.

![miRNA expression profiles. Expression profiles of a set of miRNAs at PN28 and PN42 that are temporally upregulated (A) and downregulated (B) when compared with PN21 in peri-cystic local microenvironmental regions.](WJN-7-108-g003){#F3}

In Figure [3B](#F3){ref-type="fig"}, a similar comparison made for sequentially downregulating miRNAs shows that a total of four miRNAs that are downregulated at PN28 continue to further decrease expression at PN42. miR-378a-3p, miR-30e-5p, miR-30a-5p and miR-344f-5p are downregulated 2 to 2.75-fold at PN28, and are further reduced 2.75 to 5-fold and reach statistical significance at PN42.

PLM miRNA changes with progressive fibrosis at PN42
---------------------------------------------------

Figure [4](#F4){ref-type="fig"} show the results of PLM miRNA changes at PN42, which represents a stage of progressive fibrosis.

![miRNA expression profiles. Expression profiles of a set of miRNAs with significantly decreased (A) and increased (B) expression at PN42 in peri-cystic local microenvironmental regions compared with PN21.](WJN-7-108-g004){#F4}

miRNAs with decreased expression \> 2-fold at PN42 are shown in Figure [4A](#F4){ref-type="fig"}. miR-484, miR-455-3p, miR-130a-3p, miR-93-5p, miR-106-5p and miRN-677-3p are significantly downregulated in the range of 2.25 to 3.5-fold. miR-106-5p showed the largest decrease at 3.5-fold.

miRNAs with increased expression \>2-fold at PN42 are shown in Figure [4B](#F4){ref-type="fig"}. miR-409-3p, miR-762, miR-298-5p, miR-149-5p, miR-186-5p, miR-125a-3p, mIR-331-3p, miR-155-5p, miR-329-3p, miR-186-5p, miR-376c-3p, miR-665-3p, miR-383-5p, miR-107-3p, miR-542-3p, miR-672-5p, miR-32-5p, miR-96-5p, miR-503-5p and miR-466d-3p are significantly upregulated (2 to 4-fold).

DISCUSSION
==========

In ADPKD, despite massive increases in kidney size, loss of renal function and progression to ESRD is largely dependent upon the development of renal fibrosis\[[@B11]\]. In the *mcwPkd1^(nlnl)^* mouse, we discovered that fibrosis started in discreet areas between multiple cysts at PN28, evidenced by light wispy trichrome-positive staining in sporadic areas between multiple cysts. Similar areas between multiple cysts were evident in PN21 kidneys, but they never showed positive trichrome staining. By PN42, trichrome staining revealed a spread of the fibrosis outward from PLM. This suggested to us that we may be able to identify critical elements necessary for the initiation and progression of fibrosis by using LCM to capture and analyze changes in PLM areas at the specific time-points noted. PN21 PLM areas provided appropriate controls, as they are devoid of fibrosis. Wild-type tissue was not an appropriate control in this experiment because it has minimal interstitial tissue that can be targeted for LCM. The risk of contaminating the wild-type LCM samples with epithelial tissue is unacceptably high.

Many previous studies have examined miRNA expression in whole kidneys to study progressive renal diseases\[[@B18],[@B21],[@B28]-[@B30]\]. However, a critical limitation to transcriptomic approaches of whole kidney is the kidney's cellular complexity: arrays from whole kidney reflect the averaged= expression of 26 or more different cell types\[[@B31]-[@B33]\]. This limitation is exacerbated in the presence of inflammatory cells in diseased kidneys.

The most striking result of these studies was the difference in miRNA profiles from PLM and whole kidney as shown in cluster heat maps (Figure [2](#F2){ref-type="fig"}). The expression of miRNAs in PLM is very different when compared to whole kidney expression. These findings likely reflect a dilution of important local changes in miRNAs when whole kidney comparisons are made. The implication of this is clear. Relying on whole kidney analysis may lead one to make errors in interpreting miRNA data.

The key miRNA changes noted in PLM, interestingly, are involved in or have predicted targets that play a role in the pathogenesis of either fibrosis, PKD or are unique. miRNAs with decreased expression at PN28 and PN42 (Figure [3B](#F3){ref-type="fig"}) have predicted targets (listed in brackets) as follows: miR-30a-5p and miR-30e-5p (Socs6, Timp2, Rock2, Bcl6, Col9a3, Col13a1, Smad1, Irf4) and miR-378a-3p (Mapk). Timp2 inhibits extracellular matrix proteolysis in multiple tissues, thus promoting fibrosis. Rock2, Irf4 and BCL6 have known roles in macrophage polarization, which plays an important role in the process of both inflammation and fibrosis. Mapk is an important mediator in the pathogenesis of PKD\[[@B34]\]. The expression of these miRNAs sequentially decreases at PN28 and PN42, which correlates with worsening PLM fibrosis.

Moreover, there are six additional interesting miRNAs that have decreased expression in PN42 PLM (Figure [4](#F4){ref-type="fig"}). These miRNAs with their targets are as follows: miR-484 (Tgfβr3, Fgf1), miR-455-3p (HB-EGF), miR-130a-3p (Tgfβ2, Tgfβr1, Tnf, Wnt1, Pparγ), miR-677-5p (Col15a1), miR-106b-5p and miR-93-5p (Fgf4, Vegfa, Stat3, Mapk4, Mapk9, Hif1α, Pparα, Col4a3, Col4a4). Tgfβ and Tgfβr are integral to the processing of fibrosis, but are involved in late stages of progressive fibrosis\[[@B35]\]. HB-EGF is a member of the EGF family of proteins and is produced by monocytes and macrophages\[[@B36],[@B37]\]. Recently, high urinary levels of HB-EGF are discovered in the urine of patients with severe PKD\[[@B36]-[@B38]\]. Stat3 plays an important role in the pathogenesis of PKD\[[@B39],[@B40]\]. Hif1 has roles in angiogenesis, fibrosis, and is closely tied to local hypoxia\[[@B35]\], which may be the direct result of expanding cystic lesions.

Furthermore, PLM miRNAs with increased expression at PN42 are shown in Figure [4A](#F4){ref-type="fig"} and their predicted targets are as follows: miR-466d-3p (Smad7), miR-542-3p (Bmp7), miR-96-5p (βRaf, Nox4), miR-186-5p and miR-329-3p (Usf2) miR-762 (Cx3cl1), miR-155-5p (Socs1, Csf1r), and miR-331-3p (Mmp13). Smad7 inhibits TGF-β signaling by preventing formation of Smad2/Smad4 complexes\[[@B35],[@B41]\]. BMP7 reduces extracellular matrix formation and hence fibrosis\[[@B35]\]. With increased expression of miRNAs, the targets Smad 7 and BMP7 are expected to decrease and hence promote fibrosis. Along with these miRNAs, there are many other novel miRNAs that should be considered for further investigation.

Realizing that all forms of fibrosis eventually involve the TGF-β pathway, we anticipated we would see a few unique differences in miRNA profiles at PN28, the initiation point of fibrosis. We were surprised by the degree of difference and the fact that some were maintained at least through PN42, as seen in Figure [3](#F3){ref-type="fig"}. Some changes may reflect differences in canonical and non-canonical TGF-β signaling cascades. However, the majority of differences are not likely due to different TGF-β pathways but rather due to differences in methodology. Other changes may reflect key differences in methodology utilized in this study.

A dilution effect created by using an organ with 26 different cell types must be considered when examining miRNAs in whole kidney samples. This has huge implications in the pursuit of therapeutic interventions. The heat map in Figure [2](#F2){ref-type="fig"} demonstrates that while the identification of miRNAs that change may be the same with both techniques, the direction of change for some miRNAs goes in opposite directions. This could lead to a situation where a therapy based on whole organ analysis could exacerbate the disease. More importantly, LCM-obtained tissue is expected to represent the local pathology of interest that is being studied.

Fibrosis seen in this ADPKD model is initially localized to discrete areas between multiple cysts, which then expand with the progression of disease. The PLM in which fibrosis occurs undergoes multiple molecular and cellular changes with disease progression. The PLM areas isolated by LCM include locally proliferating cells that likely have key roles in the process of fibrosis. The changes preceding early fibrosis in the PLM of ADPKD kidneys act as a trigger factor that then stimulate cells locally to lay down collagenous extracellular matrix, which causes fibrosis. The isolation of these areas with LCM, as well as examining them at various stages before and after the onset of fibrosis, offers unique insight into this dynamic microenvironment.

Further work is required to identify the phenotypes of these cells and their specific roles. A large number of cells in PLM tissue from ADPKD are phenotypically identified as macrophages. Their role in fibrosis has been well studied and reported\[[@B42]\]. Some or many of these PLM miRNA changes may be directly or indirectly related to macrophage changes that then drive the process of fibrosis. miRNAs are known to modulate macrophage activation and miRNAs are shown to be induced by hypoxia/ischemia. With cyst expansion and compression of parenchyma between these expanding cysts, local hypoxia and ischemic changes can be expected early in the disease course of ADPKD. Whether such hypoxic/ischemic changes drive the early changes in the cellular make-up of the peri-cystic interstitium and drive PLM miRNA changes remain to be investigated.

In conclusions, this study identifies a unique interstitial miRNA signature that drives fibrosis in the new *mcwPkd1^nl/nl^* model of ADPKD. Such changes in miRNA profiles in ADPKD PLM obtained by LCM provide unique insight into signaling in local areas where fibrosis begins. These PLM miRNA changes are not seen in whole kidney miRNA analysis. These PLM miRNAs have unique predicted targets, and some have established roles in hypoxia, proliferation, angiogenesis and fibrosis. Many of the LCM miRNAs identified are unique and represent new candidates for further study. This approach identifies novel future molecular and therapeutic targets. Further cell-specific miRNA expression studies will provide valuable information in further identifying potential therapeutic targets of fibrosis in ADPKD.

ARTICLE HIGHLIGHTS
==================

Research background
-------------------

Autosomal dominant polycystic kidney disease (ADPKD) is the most common genetic renal condition, with an incidence of 1 in 500 to 1000 individuals. ADPKD affects approximately 750,000 people in the United States and 12.5 million people worldwide. Nearly 50% of ADPKD patients will develop kidney failure that requires dialysis or transplantation. To date, clinical trials targeting cyst growth (epithelial proliferation) have been largely ineffective in improving or slowing the decline in renal function, despite reducing epithelial proliferation and total kidney volume (TKV). Tolvaptan, the most promising therapy to date, has an estimated cost of \$744,100 per year per quality-adjusted life-year gained compared with standard care.

Research motivation
-------------------

In ADPKD, as fluid-filled cysts develop and enlarge, a peri-cystic local micro-environment (PLM) is created between the cysts, which become fibrotic over time. TKV decreases with such fibrotic changes and has a strong correlation with loss of renal function. Despite this connection between fibrosis and end-stage renal disease (ESRD), there is no experimental or FDA-approved therapy that specifically targets fibrosis in ADPKD.

Research objectives
-------------------

To investigate miRNA expression in PLM between cysts that become fibrotic as disease progresses.

Research methods
----------------

We employed LCM to analyze the miRNA profile of PLM at PN21, prior to any morphometric sign of fibrosis (trichrome stain), and at two time points of increasing degrees of fibrotic severity at PN28 (initiation) and PN42 (progression). These results were compared to age-matched expression profiles of whole kidney analysis of the miRNA expression profile.

Research results
----------------

The most striking result of these studies was the difference in miRNA profiles from PLM and whole kidney, as shown in cluster heat maps. The expression of miRNAs in the PLM was significantly distinct when compared to whole kidney expression.

Research conclusions
--------------------

Relying on whole kidney analysis may lead one to pursue not only the wrong miRNA, but may also lead to targeting a miRNA or protein that exacerbates the disease process you are trying to ameliorate. Therefore, published data that relies upon whole kidney transcriptomic analysis should be viewed with careful skepticism. Identification of the molecular and cellular changes in the PLM will lead to new therapeutic targets, with the potential to prevent the initiation or slow the progression of fibrosis.

Research perspectives
---------------------

This study presents a unique approach to identify novel molecular and therapeutic targets that initiate and drive interstitial fibrosis in ADPKD. The use of therapies targeting fibrosis alone or in combination with therapies targeting epithelial proliferation will dramatically improve the quality of life of ADPKD patients by extending the time to ESRD.
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